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Using a recursive real-space Green’s-function technique in the tight-binding model, we study the influence
of the electron-electron Hubbard interaction on the magnetoconductance fluctuations in a disordered ring at
low temperatures. Our numerical results improve the previous theoretical predictions for the magnetoconduc-
tance fluctuations as a function of magnetic flux compared with experiments. Meanwhile, we find several
anomalous phenomena at low temperatures, which do not survive at high temperatures. For the Fermi level
Ef50.1t (t is the hopping integral! the envelope of magnetoconductance fluctuations drops to a lower value at
some magnetic flux, while the Hubbard interaction causes the drop to occur at larger flux. The magnetocon-
ductance fluctuations vary with the Hubbard interaction for magnetic flux around 20F0(F05hc/e) mainly in
the range of smallU. The Hubbard interaction narrows the widths of the main peaks in the Fourier spectrum,
but it does not change their positions.@S0163-1829~96!04047-7#
I. INTRODUCTION
In recent years extensive studies of transport phenomena
in mesoscopic systems have revealed a wide variety of inter-
esting quantum phenomena. Significant advances have been
made in understanding the role of quantum-interference ef-
fects of electron wave functions in transport processes. One
of the attractive phenomena is the universal magnetoconduc-
tance fluctuations in the presence of impurities in mesos-
copic rings and wires which are applied by the perpendicular
magnetic flux. Experiments found noiselike, reproducible
and sample-specific fluctuations of the magnetoconductance
as a function of magnetic flux or the Fermi level.1–7 The
quantum coherence effects are observed in the ring, where
the dimension of the sample is much larger than the mean
free path, and shorter than or comparable to the inelastic
scattering length. The fact that electrons moving in the
sample maintain their phase memory makes the wave func-
tions of the electrons stay coherent over the whole ring.
Therefore, the phase coherence between the electron wave
functions causes the magnetoconductance fluctuations.
In order to simulate the universal magnetoconductance
fluctuations many theoretical works have been done.8–20
Most authors adopted the tight-binding Hamiltonian to de-
scribe the systems which have different transport properties.
Stone,8 Xie and Das Sarma10 used the recursive Green’s-
function algorithm,21–23 and obtained the magnetoconduc-
tance fluctuations in a disordered system. In their recent pa-
per Liu et al.17 investigated the dynamic behavior of the
magnetoconductance fluctuations using the finite-frequency
recursive Green’s-function algorithm.24,25 Nagaoka and
co-workers11,15,16 studied the Aharonov-Bohm effect in the
mesoscopic ring and the behavior of magnetoconductance
fluctuations from the ballistic to the localized regime at zero
temperature by using the transfer matrix method and the
Landauer formula. Although Aldeaet al.14 reproduced the
aperiodic, chaotic fluctuation structures of the magnetocon-
ductance in a double ring system by using the real space
Green’s-function decimation technique, their numerical
simulation presents very large magnetoconductance fluctua-
tions as a function of magnetic flux, which cannot be com-
pared with experiments. In their paper one cannot find the
impressive envelopes of the magnetoconductance fluctua-
tions, which experiments showed.4 The reason is that neither
temperature effect nor the electron-electron correlation inter-
action is included in their work. The recent studies of quan-
tum confined systems have made it clear that the strong cor-
relations between electrons play a major role in condensed
matter physics, especially in low-dimensional systems.
Therefore, the electron-electron correlation interaction is im-
portant especially in the semiconductor ring.5,6 In a related
research area, the persistent current in the mesoscopic ring,
people started to investigate the role of the interacting
electrons.26–31 The theoretical investigations on transport
properties of quantum rings have not included the electron-
electron interaction in detail until now. The purpose of the
present work is to improve the previous theoretical results by
taking the temperature effect and the electron-electron Hub-
bard interaction into account in the disordered double ring
system.
The tight-binding Hamiltonian of the double ring and the
temperature Kubo formula of the dc magnetoconductance are
given in Sec. II. The analytical results of the real-space
Green’s-function decimation are presented and the numerical
results are shown by figures in Sec. III. A summary and
conclusions are given in the final section.
II. FORMULAS
The tight-binding Anderson Hamiltonian of the double
ring sample in the presence of a magnetic field is
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wheren51(2) corresponds to the inner~outer! ring. For the
ordered system all site energies are takene i
n5e, and for the
disordered one some sites are doped randomly by impurities
with the energye imp , in concentrationc. t describes the
interaction between the two rings, andwn is the Peierls phase
due to the flux enclosed by the ringwn52pFn /NF0,
F05hc/e. The ratioF2 /F1 equals the ratioA2 /A1 of the
ring areas. Two ideal conductors are connected at pointsA
andB with the outer ring.
The dc magnetoconductance can be calculated in the
framework of the temperature Kubo formula
gAB~Ef !5
e2



























0 is the Green’s function in the ideal conductors,
m521(11) is the connecting point withA(B) in the outer
ring.
Gi ,n; j ,n8
s (E) is the Fourier transform of the retarded
Green’s function of the sample
Gi ,n; j ,n8
s
~ t !52 iQ~ t !^$ci ,n,s~ t !,cj ,n8,s
†
~0!%&. ~7!
We employ the equation-of-motion method to calculate
Gi ,n; j ,n8
s (E). The multielectron Green’s function
Gi ,n; j ,n8
s̄ ,s (E) is also involved and it is the Fourier transform of
the following:
Gi ,n; j ,n8
s̄ ,s
~ t !52 iQ~ t !^$ni ,n,s̄ci ,n,s~ t !,cj ,n8,s
†
~0!%&. ~8!
After truncation of the higher order Green’s function, we
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whered i j means that the initial condition was considered on
the outer ring. Replacing Eq.~11! into Eq. ~9! we obtain








Similarly we have Green’s function in the outer ring
Gi2,j2
s ~E!5D2






In the above equations the Hubbard factorDn













for n51 one hasn852, and vice versa.








s D , ~16!
and the related matrices,

































III. RESULTS AND DISCUSSIONS
To solve Eq.~19! the real-space Green’s-function decima-









where the coefficients satisfy the recursion relations:
I i j
k115Qi



























The decimation process stops at the placek5p due to the
number of sites in every ringN52p. Under the cyclic con-
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After having these four Green’s functionsGAA , GBB ,
GAB , andGBA , numerically, the magnetoconductancegAB
can be obtained from Eq.~2! as a function of magnetic flux.
Similar to Ref. 32, on deducing Eqs. (11) and (12) some
three-body correlations with different spins are excluded,33
which are much smaller than the two-body Green’s function
Gin; jn8
s̄s (E). The approximation is valid for temperatures
higher than the Kondo temperatureTk for finite hopping.
32,34
It was estimated35 that the typical parameters in a quantum
FIG. 1. ~a! The magnetoconductance fluctua-
tions dg ~in units ofe2/h) as a function of mag-
netic fluxF ~in units ofF0) with U55t at the
temperatureT50.1t. The other parameters are
e51, e imp52, Ef50.1t, t51, c51/32, and
A2 /A151.5. ~b! The Fourier transform~in arbi-
trary units! of the data in~a! which contains a
large peak at the frequency 1/DF50.83F0
21 for
the fundamentalh/e oscillation, and a peak
around 1/DF51.66F0
21 for the harmonich/2e
oscillation. Near the origin of figure the peak is
for the aperiodic fluctuations.
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dot are as follows: the level width due to tunnelingD50.1
meV, the Kondo temperatureTk53mK. In the numerical
calculation we set the parameters as follows: the number of
sitesN5128, the normal site energye51 as the energy unit,
the impurity energye imp52, in concentrationc51/32, the
ratio of the two ring areasA2 /A151.5, the coupling constant
between ringst51. The magnitude of the magnetoconduc-
tance fluctuations is calculated over 100 samples with differ-
ent impurity configurations:
dg5A^g2&2^g&2, ~33!
where the angular brackets denote the ensemble average over
the impurity configurations.
Figure 1~a! exhibits the oscillations of the magnetocon-
ductance fluctuationsdg ~in units of e2/h) as a function of
magnetic fluxF ~in units ofF0) for U55 atT50.1 and the
Fermi level Ef50.1. The numerical results reproduce the
impressive envelopes of the magnetoconductance fluctua-
tions, which experiments showed. The oscillations appear to
be unattenuated by magnetic flux within 100F0, that is con-
sistent with experimental results.4 Figure 1~b! shows the
Fourier transform~in arbitrary units! of the data in~a!, where
the periodicity is visible. The large peak around
1/DF50.83F0
21 shows the fundamentalh/e oscillation, and
the peak around 1/DF51.66F0
21 shows the harmonich/2e
oscillation. The high frequency oscillations also can be seen
in Fig. 1~b!. Near the origin of the figure the Fourier trans-
form presents the spectral density for aperiodic fluctuations.
A careful observation may find that the period of the oscil-
lation in Fig. 1~a! is less thanF0, the period in the pure
Aharonov-Bohm oscillation. The deviation is due to the fact
that the magnetic flux penetrates the arms as well as the
interior of the ring.
Figure 2 has the same parameters as Fig. 1 butT50.01
and presents the effect of the Hubbard interactionU on mag-
netoconductance fluctuations. On increasing magnetic flux
the envelope of the magnetoconductance oscillations drops
from 0.13e2/h to 0.05e2/h. The Hubbard interactionU55
causes the drop of the envelope to occur at large flux~around
10F0 larger than the caseU50). The characteristic features
of magnetoconductance fluctuations forU55 within
F,40F0 are similar to experiments,
4 in spite of the exist-
ence of the envelope’s drop, which is our finding. It is obvi-
ous that the amplitude of the magnetoconductance fluctua-
tions at low temperatures is bigger than that at high
temperatures. High temperature smears the magnetoconduc-
tance fluctuations by expanding the electron distribution
function.
Figures 3~a! and 3~b! show the Fourier transform of the
data in Figs. 2~a! and 2~b! for the casesU50 and 5, respec-
tively. The Hubbard interaction narrows the widths of the
main peaks in the Fourier spectrum, but it does not change
their positions.
Figure 4 exhibits the magnetoconductance fluctuations as
a function ofU for T50.01 ~a! and 0.1~b!. The magnetic
flux is chosen to be 19.8F0, 19.9F0, 20.0F0, 20.1F0, and
20.2F0 from the top to the bottom. AtT50.01 the major
change in magnetoconductance fluctuations, which the Hub-
bardU causes, is in the region of smallU, and the curves
with different flux may have a different behavior. Meanwhile
at low temperatures the curves of magnetoconductance fluc-
tuations for different flux are separated from each other~a!.
The above effects in~a! disappear in~b! due to the high
temperatureT50.1.
IV. CONCLUSIONS
The magnetoconductance fluctuations are investigated in
a double ring system with the correlation energy between
electrons. The related temperatures areT50.01t and 0.1t,
which are higher than the Kondo temperature. An iterative
relation of the retarded Green’s function is given, in which
the correlation energy is included in the Hubbard factors.
The present numerical results show the magnetoconductance
fluctuations as a function of magnetic flux similar to that in
experiments. We find several anomalous phenomena at
FIG. 2. Same as in Fig. 1 butT50.01t. The envelope of the
magnetoconductance oscillations drops from 0.13e2/h to 0.05e2/h
at low temperature. The Hubbard interactionU55t causes the drop
of the envelope to occur at large flux.
FIG. 3. The Fourier transform~in arbitrary units! of the data in
Fig. 2. The Hubbard interactionU narrows the widths of the main
peaks in the Fourier spectrum.
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T50.01t. The envelope of the magnetoconductance fluctua-
tions drops to a lower value at some magnetic flux for the
Fermi levelEf50.1, while the Hubbard interaction causes
the drop to occur at large flux. The magnetoconductance
fluctuations vary with the Hubbard interactions mainly in the
range of smallU. The Hubbard interaction narrows the
widths of the main peaks in the Fourier spectrum, but it does
not change their positions. All of these effects do not survive
at high temperatures, for exampleT50.1t.
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